generally considered to be identical to that of the LV, RV failure has a poorer prognosis and response to therapy compared to LV disease, due in part to factors independent of the increase in pulmonary arterial (PA) pressure (Ghio et al., 2001) . These unexplained factors are manifested as disproportional levels of fibrosis, alterations in metabolism, and RV ischemia (Ryan & Archer, 2014) . RV failure is also a strong indicator of poor prognosis is patients with LV failure (Ghio et al., 2001; Meyer et al., 2010) . No specific therapies target the RV and current therapeutic strategies for diseases causing RV failure lack efficacy.
Transcriptomic analysis using RNA sequencing (RNA-seq) is an unbiased approach to define gene expression and may offer a means to study the pathobiology of RV disease and uncover new mechanisms that might help identify novel RV-specific therapies. Animal models, such as chronic hypoxia, can mimic the RV remodeling in humans in response to increased PA pressure. Here, we utilized RNA-seq to compare the RV and the LV of Sprague Dawley rats in normoxia and hypoxia. Analyses of the RNA-seq data revealed differentially expressed genes in pathways not previously invoked in RV biology or dysfunction. Notably, the RV selectively expressed genes related to immune function. Immunoblotting, and flow cytometry revealed that the RV contains an increased number of immune cells. Thus, the RV and LV differ in their gene expression profiles and unexpectedly, in their expression of certain cell types, in particular cells involved in immune function.
| METHODS

| Development of RV hypertrophy in rats
All animal procedures were approved by the University of California San Diego (UCSD) Institutional Animal Care and Use Committee. Adult male rats (3-4 mo. old) were housed in a temperature-controlled environment with a 12 hr light/ dark cycle. Rats were subjected to hypoxia (10% O 2 ) in a hypobaric chamber or were housed in room air as a normoxic control. After 2 weeks, rats were anesthetized with ketamine and xylazine (100 and 10 mg/kg, respectively) and sacrificed by removing the heart.
| RNA isolation from cardiac tissue and
RNA-seq
Hearts were washed with phosphate-buffered saline (PBS), the atria were removed, and the RV was separated from the LV and weighed. The LV and RV were snap-frozen in liquid nitrogen and later digested in lysis buffer (Buffer RLT, QIAGEN). RNA was isolated with an RNeasy Mini Kit (QIAGEN) from the LV and RV free walls (n = 6 rats for a total of 12 samples). RNAseq was conducted at the UCSD Institute for Genomics Center. Libraries were prepared for sequencing of polyadenylated RNA via the TruSeq stranded mRNA protocol (Illumina) and sequenced on an Illumina HiSeq 4000, with samples sequenced at ~30 million 50 bp single reads, on average.
| RNA-seq analyses
Following standard quality control steps on Galaxy (Afgan et al., 2016) , FASTQ files were analyzed by Kallisto Bray, Pimentel, Melsted, and Pachter (2016) using Ensembl reference transcriptome for alignment. Transcript expression from Kallisto was converted to gene-level expression (in transcripts per million (TPM) and estimated counts) via the Tximport package (Soneson, Love, & Robinson, 2015) . Estimated counts were used as input to the edgeR package (Robinson, McCarthy, & Smyth, 2010) ; genes having differential expression (DE) with a false discovery rate (FDR) <0.05 were considered statistically significant. Analysis for gene ontology and other associations with annotated gene sets was conducted with Enrichr (Kuleshov et al., 2016) , as described below. Sets of significantly upregulated or down-regulated (FDR < 0.05) genes were separately queried to test the likelihood if certain annotated sets of genes were statistically overrepresented among differentially expressed genes. We evaluated results from Enrichr for Gene Ontology (GO) annotated sets of genes based on a) the biological processes in which they participate, b) the molecular function of their gene products in a cell and c) the cellular compartment with which they are associated with (Mi, Muruganujan, Ebert, Huang, & Thomas, 2019) . We also used Enrichr to evaluate associations with certain cell types, based on annotations from the BioGPS database (Wu et al., 2009 ), which allows one to test whether differentially expressed genes are strongly associated with a particular cell type. Enrichr was then used to test for enrichment of DE genes for specific signaling pathways, based on annotations from the Reactome database (Fabregat et al., 2018) . In addition, we tested (via Enrichr) associations of DE genes with specific cellular compartments based on their annotations via the Jensen database (Binder et al., 2014) , yielding complementary results for those from the GO cellular compartment analysis. For all analyses via Enrichr, associations were considered statistically significant if they had q-values (i.e., p-values adjusted for multiple testing) <.05.
We used STRING (https ://string-db.org/) (Szklarczyk et al., 2015) to visualize networks of DE genes. Default settings (except for hiding unconnected nodes and disabling structure previews) and genes corresponding to highlighted pathways or processes were used as to provide a visual representation of closely associated, simultaneously up-or down-regulated sets of genes.
We also performed gene set enrichment analysis (GSEA) (Subramanian et al., 2005) , in which we ranked genes with DE and FDR < 0.05 by fold-change; negative values were used for reduced expression. GSEA analysis was conducted by using pre-ranked analysis, with the combined GO gene sets (collection C5 in the MSigDB database curated by the Broad institute, (http://softw are.broad insti tute.org/gsea/msigd b/ index.jsp), which yields a combined enrichment analysis by using the GO annotations for biological processes, molecular function and cellular compartment. One obtains information regarding which annotated gene sets are enriched. The GSEA analysis was thus complementary to and helped confirm findings from analysis via Enrichr, as shown in Results. GSEAweighted analysis of genes that are up-and down-regulated confirmed that enrichment for gene sets was specific to those genes that were either up-or downregulated, but not both, since such a result would yield net zero enrichment. Gene sets were considered significantly enriched if they had an FDR < 0.05.
Following the GSEA preranked analysis, we performed (via the GSEA software) leading edge analysis on significantly enriched gene sets to identify genes that are members of multiple enriched gene sets. Such genes likely play a role in multiple pathways/processes that are up-regulated and potentially may be nodal elements in the network of genes dysregulated in hypoxia in this study.
| Access to RNA-seq data
Data have been deposited at NCBI's Gene Expression Omnibus (GEO) with accession number GSE13 3402.
| Immunoblotting
Pieces of RV and LV tissue were lysed in RIPA buffer and then flash-frozen. Lysates were electrophoresed on SDS-PAGE gels, transferred to a nitrocellulose membrane, and blocked with 5% milk in TBS with 0.05% TWEEN®-20 (TBST). Blots were incubated overnight with anti-CD45 antibody (Abcam, 10558) or anti-α-tubulin (Abcam, MS-581-P1ABX), then washed with TBST and incubated with anti-rabbit HRP (GE Healthcare, NA9340V, for CD45) or anti-mouse HRP (GE Healthcare, NXA931V, for α-tubulin) for 1 hr at room temperature. Blots were washed again and developed with ECL substrate (Thermo Fisher Scientific), and imaged on a digital imager.
| Immunohistochemistry
Intact heart slices were frozen in optimal cutting temperature (OCT) compound (Tissue-Tek) and sectioned on a cryostat. Sections were fixed in cold methanol for 20 min, washed with PBS, and stained with hematoxylin and eosin (H&E, Merck KGaA and Fisher Scientific, respectively) or Masson's Trichrome (Abcam).
| Flow cytometry
We digested cardiac tissue from a subset of rats in the hypoxic and normoxic groups to obtain a single-cell suspension for flow cytometry. Rats were anesthetized as indicated above, the heart was flushed with PBS, and the RV and LV free walls were separated. Tissue was cut into ~1 mm 3 pieces and placed in PBS with collagenase II (150 U/ml, Worthington Biochemical Co., CLS-2) and incubated for 1 hr at 37°C. Tissue was then triturated and filtered through a 40 μm filter and centrifuged at 250g for 8 min. The resulting pellet was resuspended in FACS buffer (PBS with 0.5% BSA and 1 mM EDTA) and stained with antibodies directed against rat CD45-FITC (Biolegend 202205), CD11b/c-APC (Biolegend 201809) (leukocyte surface markers) or the respective isotype controls (Biolegend 400107 and 400219) for 20 min, followed by washing with FACS buffer. Single-stain groups were used for compensation, a method that corrects for the spectral overlap between the different emission spectra of fluorochromes. We conducted flow cytometry in each sample on at least 50,000 events using the BD FACSCanto II (BD Biosciences). Data were analyzed using FlowLogic (Miltenyi Biotec).
| RESULTS
| Induction of RV hypertrophy by hypoxia
We isolated cardiac tissue from adult rats subjected to hypoxia or normoxia for 2 weeks. The RV weight/ (LV + septum) weight (Fulton index) was significantly increased in rats exposed to hypoxia (Figure 1a , n = 3, Student's t-test p < .001). H&E staining of tissue sections revealed an increase in RV chamber thickness and size, and in some portions, thinning of the RV free wall (Figure 1b ). Trichrome (blue) staining demonstrated fibrosis in the RV during hypoxia (Figure 1c ).
Thus, 2 weeks of hypoxia induced significant RV hypertrophy and fibrosis.
| The RV expresses a distinct set of genes compared to that of the LV in rats exposed to normoxia or hypoxia
We used RNA-seq to assess differences in gene expression between the RV and LV in normoxia (RV N and LV N ) and hypoxia (RV H and LV H ). The ventricles expressed a similar number of transcripts in normoxia (RV N : 16,495 ± 301; LV N : 16,104 ± 277) and hypoxia (RV H : 16,634 ± 282; LV H : 16,320 ± 148) (mean ± SD, n = 3; ANOVA, p > .10). DE analysis (using edgeR) revealed 138 genes whose expression was increased and 70 genes with decreased expression (with a false discovery rate [FDR] <0.05) in the RV N group compared to the LV N group (Figure 2a , Table S1 ) With hypoxia, 203 genes had increased expression and 115 genes had decreased expression in the RV H group compared to the LV H group (Figure 2b , Table S2 ). Enriched pathways (P adjusted < 0.05) among the DE genes were identified utilizing Enrichr. Figure 3 shows the curated Reactome pathways, cell types and cell compartments based on analysis by BioGPS. Under normoxic conditions, the RV had increased expression of genes associated with the immune system; of note, CD14 + (monocyte marker) and CD33 + (Siglec-3 [sialic acid binding Ig-like lectin 3], myeloid cell lineage marker) cells were the predominantly enriched cell types in the RV ( Figure  3a) . Similar results were found using STRING analysis, in which the RV expresses distinct clusters of genes for antigen presentation, innate immunity and ECM organization ( Figure   S1 ). Comparison of the RV to the LV in hypoxia revealed that pathways related to cell growth and mitosis were highly enriched, but several immune cell types, including CD14 + cells, were also enriched in the RV (Figure 3b, Figure S2 ). Analysis of RV-specific pathways (i.e., genes increased in the RV in both normoxia and hypoxia) identified RV-specific pathways relating to immune cell function. CD14 + monocytes were the only cell type significantly enriched in the RV (Figure 3c ).
| Hypoxia alters the expression of many genes in the RV and LV
Comparison of the RV H group to the RV N group identified 1,012 genes whose expression was increased and 845 genes whose expression was decreased (FDR < 0.05, Figure 2c , Table S3 ). By contrast, 222 genes had increased expression and 160 genes had decreased expression in the LV H compared to the LV N group (FDR < 0.05, Figure 2d , Table S4 ). Certain genes had altered expression with hypoxia in both the RV and the LV: expression of 61 genes was increased and of 49 genes was decreased in both the LV H and RV H groups compared to their normoxic controls. These genes included the gene for natriuretic peptide A (NPPA/ANP), which is up-regulated in hypoxia by HIF-1α Chun et al., (2003) . Analysis of enriched pathways for genes increased in the LV H and RV H samples indicated an increase in extracellular matrix groups, as observed in both the Reactome and Jensen (Cellular Compartments) databases (Figure 3d ).
Gene set enrichment analysis (GSEA) reveals distinct sets of genes involved in multiple pathways in RV hypertrophy. Figure shows the enriched groups (using Enrichr) among DE genes that are increased in the RV with hypoxia. These groups included extracellular matrix organization and pathways relating to cell signaling and mitosis. We also used GSEA to assess DE genes that were increased and decreased in the RV H group compared to the RV N group. Other group comparisons were not analyzed with GSEA due to the lower number of DE genes. Figure  4b and c show respectively the 10 most-enriched GO gene sets that were increased or decreased. In total, 69 GO gene sets were enriched and up-regulated, the majority of which involved processes related to the cell cycle and cell division. For genes that were down-regulated, 56 GO sets showed enrichment, the majority of which involved metabolic processes. The q-value for all groups shown was ~0, implying that these associations have very high statistical significance. Leading edge analysis of up-regulated genes revealed that 44 genes are common in ≥10 of the 69 enriched gene sets that are up-regulated and that 47 genes are common in ≥10 of the 56 enriched down-regulated gene sets, implicating these genes as potentially parallel regulators of multiple enriched processes (Figure 4d and e ). 3.4 | The RV has more resident immune cells than does the LV Since we found multiple GO terms that involve immune cell function in the comparison of the RV to the LV, we sought to independently confirm these findings at the protein level by assessing immune cell expression using immunoblotting and immunofluorescence of LV and RV tissue from rats subjected to normoxia or hypoxia. Because RNA-seq was conducted on whole tissue, the gene expression data could not identify changes in particular immune cell types. We used CD45, a hematopoietic cell marker that detects multiple types of leukocytes (including T cells, B cells, dendritic cells, macrophages/monocytes, and granulocytes), and CD11b/c, which is predominantly a macrophage and dendritic cell marker but can also be present on other leukocytes. Immunoblotting revealed that CD45 expression (a hematopoietic cell marker) was increased in the RV of both normoxia and hypoxia hearts (Figure 5a , p < .05 via two-way ANOVA for ventricle difference, n = 3 hearts/group). To obtain more quantitative data, we performed flow cytometry (with gating to remove debris and assess only single cells) to examine the immune cell profile in normoxic and hypoxic LV and RV. We examined expression of the leukocyte surface markers CD11b/c and CD45. We found an increase in the CD45 + /CD11b/c + population in the RV compared to the LV of rats exposed to normoxia or hypoxia ((p < .05 via two-way ANOVA) but without changes induced by hypoxia. (Figure 5b-d) .
Analysis of each RV with the LV from the same heart showed that the RV's had on average, a 4-fold higher percentage of double-positive cells (Figure 5d ).
| DISCUSSION
These studies revealed that exposure of rats to 2 weeks of hypoxia induces RV hypertrophy and numerous changes in gene expression in both the RV and LV. RNA-seq (with on average, ~30 million 50 bp single reads) identified >16,000 genes expressed in both the RV and LV. Although we found many genes with DE between the RV N and LV N groups, the two ventricles showed less DE than occurred with hypoxia, in particular in the RV, which showed the largest number of increases or decreases in gene expression. We identified novel pathways enriched in the RV, as we will discuss below. Enrichment of DE genes between the RV and LV in normoxia indicated unexpected differences in immune-related genes. Pathways increased in the RV compared to the LV included "Innate Immune System," "Complement Cascade," "Immune System," "Initial Triggering of Complement," and "Regulation of Complement Cascade." Thus, the right side of the heart, that is, the RV, may have a different immune "status" than the left side, in particular the LV. That idea is supported by our findings indicating a greater number of resident immune cells and expression of immune cell markers in the RV compared to the LV, as demonstrated by immunoblotting and flow cytometry.
The flow cytometric analysis revealed that the percentage of CD45 + /CD11b/c + cells in the RV was on average fourfold greater than that of the LV. This result suggests that the RV has a larger number of resident immune cells and may be more poised for certain immune responses than is the LV. STRING analysis on RNA-seq data comparing the RV to the LV showed that the RV expressed a cluster of genes relating to antigen presentation, which further supports that the larger immune cell population in the RV is due to an increase in macrophages or dendritic cells, the two main professional antigen presenting cells. We speculate that such differences may contribute to the disproportionate fibrotic response (relative to what occurs in the LV) in the setting of RV hypertrophy, such as in pulmonary hypertension (Friedberg & Redington, 2014) , since immune cells (e.g., macrophages) contribute to the generation of profibrotic myofibroblasts and subsequent fibrosis (Wynn & Ramalingam, 2012) . Perhaps such cells contribute to the fibrosis found in the RV after hypoxia. Further work to define the immune cells and their function in the RV may reveal new insights regarding pathogenesis and therapies targeted to the RV. The pathway analysis of RNA-seq data complemented these CD45 + /CD11b/c + results (Figure 3b and c) and suggested that the differentially expressed genes are associated with CD14 + monocytes, implying that the CD45 + /CD11b/c + cells are monocytes/macrophages rather than dendritic cells or other leukocytes.
Since hypoxia increased RV weight, it is perhaps not surprising that the largest number of genes with DE occurred between the RV H and RV N groups: 1,857 genes were significantly increased or decreased in expression. Enrichment analysis revealed that many of these genes relate to cell mitosis and proliferation, perhaps contributing to cardiac remodeling induced by hypoxia or changes in cell-cycle and cell division-related processes, associated with increased numbers of nonmyocytes (e.g., fibroblasts and immune cells). Additionally, we observed decreases in expression of gene groups related to catabolic processes including fatty acid catabolism, lipid oxidation, lipid modification and metabolic processes. Those findings are consistent with previous work showing altered metabolism in RV dysfunction (Ryan & Archer, 2014; Sharma et al., 2004) and imply that pathways involved in cardiac energy metabolism may contribute to changes in RV structure and function in disease.
Pathways and genes that are altered in both the RV and LV in response to hypoxia are of particular interest, as these shared changes may contribute to the cardiac response to hypoxia. Hypoxia mediates both cell autonomous and systemic changes, including endothelial signaling in the vasculature, which causes vasoconstriction in the systemic circulation but vasodilation in the pulmonary circulation. Shared genes altered in both ventricles during hypoxia may also result in the release of systemic factors such as circulating catecholamines (Ton & Hammes, 2014 ) that may cause similar responses via the shared coronary perfusion of both ventricles. Rat models of hypoxia exposure have been well-characterized for physiological changes, and some studies have measured expression of key genes. However, it will be important to utilize other models of RV hypertrophy, such as pulmonary banding, to distinguish the gene expression changes related to changes in pressure and those related to hypoxia. Our results confirm previous work in rodent models of hypoxia, with respect to expression of fetal genes (NPPA, NPPB), fibrotic genes (TGFB2, CTGF, LTBT2), and genes marking cardiac hypertrophy (NPPB, THBS4) in the heart after exposure to hypoxia (Baertschi et al., 1986; Lew & Baertschi, 1989; Partovian et al., 1998; Toth et al., 1994) . Our studies and analysis revealed that certain of these factors (notably, NPPA and NPPB) were increased in the RV compared to the LV even under normoxic conditions. This result suggests that the RV may be more primed for its response to hypoxia as compared to the LV. The rat model of chronic hypoxia employed in this study is a reversible model of RV hypertrophy that occurs prior to decompensated RV failure (Nehra, Bhardwaj, Kar, & Saraswat, 2016) . Thus, our findings reflect what is observed in the nonfailing RV. It will be of interest to identify the transcriptomic alterations that occur in RV failure, which occurs in response to pulmonary hypertension and also in the majority of left heart failure patients (Gulati et al., 2013; Mohammed et al., 2014; Puwanant et al., 2009) . Recent work examining tissue from the RV of human heart failure patients found a set of genes that are unique to RV failure compared to LV failure: WIPI1, HSPB6, SNAP47 and MAP4 (Tzimas et al., 2019) . These genes, which are altered in human and mouse RV failure, but not in less-severe stages of mouse RV dysfunction (Tzimas et al., 2019) , were not altered in our dataset (FDR > 0.05 RV normoxia vs. RV hypoxia). Those findings provide further evidence that 2 weeks of hypoxia yields RV dysfunction, but not RV failure. Similar work in human heart samples from patients with pulmonary arterial hypertension identified key genes that change uniquely in RV failure, including increased FBN2 (which had a similar trend in our model), and CTGF (which was significantly increased in our model, FDR < 0.05). Additional work using microarrays to assess rat models of RV dysfunction and failure were in agreement with our findings of "markers" of RV dysfunction, including the increase in ANGPT1, IFG1, and no change in ADH7 expression (Drake et al., 2011) . Other studies have examined transcriptional signatures in similar models such as monocrotaline-induced pulmonary hypertension in rats (Potus, Hindmarch, Dunham-Snary, Stafford, & Archer, 2018) , and surgically induced pulmonary insufficiency in mice (Reddy et al., 2013) . Both models had similarities in gene group changes including cell cycle-related genes, extracellular matrix organization, and decrease in metabolic pathways.
The data shown here were obtained from RV and LV tissue. Future studies will need to explore if the changes observed in normoxia and hypoxia result from altered expression in cardiac myocytes, cardiac fibroblasts or other nonmyocytes. We believe that the current results reveal numerous findings that merit further investigation to define hypoxia-induced changes in the heart. This could be further examined by comparing the changes noted here with other models of RV hypertrophy and pulmonary hypertension. The transcriptomic data herein are a resource that may aid in identifying new aspects of pathobiology and perhaps, ultimately novel therapeutic approaches for the RV, perhaps including therapies directed at immune cells.
